Obligate root-parasitic plants belonging to the Orobanchaceae family are deadly pests for major crops all over the world. Because these heterotrophic plants severely damage their hosts even before emerging from the soil, there is an unequivocal need to design early and efficient methods for their control. The germination process of these species has probably undergone numerous selective pressure events in the course of evolution, in that the perception of hostderived molecules is a necessary condition for seeds to germinate. Although most of these molecules belong to the strigolactones, structurally different molecules have been identified. Since strigolactones are also classified as novel plant hormones that regulate several physiological processes other than germination, the use of autotrophic model plant species has allowed the identification of many actors involved in the strigolactone biosynthesis, perception, and signal transduction pathways. Nevertheless, many questions remain to be answered regarding the germination process of parasitic plants. For instance, how did parasitic plants evolve to germinate in response to a wide variety of molecules, while autotrophic plants do not? What particular features are associated with their lack of spontaneous germination? In this review, we attempt to illustrate to what extent conclusions from research into strigolactones could be applied to better understand the biology of parasitic plants.
Dormancy-breaking signals in plants and parasitic weeds
The evolution of land plants has been accompanied by development of the seed structure, enabling embryos to survive the period between seed maturation on the parent plant and seedling development (Koornneef et al., 2002) . Seeds of many plant species developed a dormant status, defined as a temporary failure to germinate upon imbibition even in favourable environmental conditions (Koornneef et al., 2002; Finch-Savage and Leubner-Metzger, 2006; Finkelstein et al., 2008) . Seed dormancy is progressively released only if seeds perceive the stable and appropriate ecological conditions required for germination and subsequent seedling growth. As a result, dormancy allows seeds to remain viable in the soil, sometimes for extremely long periods. This process is a perfect example of how establishment of a plant in a specific landscape requires a fine-tuned sensing of various environmental factors by the plant to ensure its reproductive success. Seed dormancy has been categorized into many types, among which physiological dormancy is most common within gymnosperms and angiosperms (Baskin and Baskin, 2004, 2014) . Seeds presenting physiological dormancy are water permeable and possess several embryonic blocks inhibiting radicle protrusion (Nikolaeva, 1977; Baskin and Baskin, 2014) . In addition, physical constraints imposed by surrounding cell layers inhibit the development of the seed (Hilhorst, 1995; Bewley, 1997; Leubner-Metzger, 2003) . In autotrophic plants, soil moisture, nutrient content, temperature, light, and oxygen availability are major environmental cues that act together to control the inception of seed dormancy on the parent plant and modulate its depth when seeds are shed from the parent (Graeber et al., 2012; Bewley et al., 2013; He et al., 2014; Née et al., 2017) .
A large number of plants shifted to a parasitic lifestyle. These so-called parasitic plants represent about 1% of the angiosperms and independently evolved at least 12 or 13 times (Westwood et al., 2010) , as reflected by their wide variability in terms of shapes, colors, and parasitic strategies (Heide-Jørgensen, 2008) . Among these lineages, the Orobanchaceae family is the only one in which every kind of parasitic strategy is found; more importantly, it is the family to which major crop pests such as broomrapes (Orobanche and Phelipanche spp.) and witchweeds (Striga spp.) belong. These obligate root parasites, which strictly depend on their hosts for their water, carbohydrate, and mineral supplies (Westwood et al., 2010; Joel et al., 2013) , are considered to be deadly threats for a number of major crop species. Striga spp. mainly affect cereal crops in Africa, whereas Phelipanche and Orobanche spp. affect legumes, tomato, oilseed rape, and tobacco in Europe, North Africa, and Asia (Parker, 2009; Yoshida and Shirasu, 2012) . Among the multiple morphological and physiological adaptations that allowed the transition to heterotrophy, the acquisition of a physiological dormancy that is highly restricted to the presence of a host plant is probably one of the most intriguing. Seed germination of obligate parasitic plant species is a two-step process, in that seeds first require a conditioning period initiated by seed imbibition, during which they will not germinate in response to favourable stimuli. Depending on the species, this conditioning period can last from 3 days to several weeks at 18-30 °C in in vitro conditions (Gibot-Leclerc et al., 2004; Matusova et al., 2004; Song et al., 2005; Lechat et al., 2012) . Owing to the range of temperatures needed to break dormancy, the conditioning period is sometimes referred to as 'warm stratification' (Matusova et al., 2004; Joel et al., 2013) . During this period, seeds become sensitive to exogenous chemicals, the germination stimulants, exuded by surrounding host roots. Most of these stimulants belong to the strigolactone (SL) family, although some parasites are adapted to specific non-SL molecules exuded by their hosts. Strigol was the first SL to be identified, 50 years ago, as a Striga lutea seed-germination stimulant (Cook et al., 1966) . SLs thus act as host-derived signals in the rhizosphere to promote parasitic plant seed germination, although they also promote beneficial symbiosis by triggering hyphal branching in arbuscular mycorrhizal (AM) fungi (Akiyama et al., 2005; Akiyama and Hayashi, 2006; Besserer et al., 2006 Besserer et al., , 2008 . Additionally, in the past decade SLs have been classified as plant hormones that regulate many aspects of plant development, including shoot branching, seedling photomorphogenesis, root architecture, and abiotic stress responses (for reviews, see Brewer et al., 2013; de Saint Germain et al., 2013; Waldie et al., 2014; Smith and Li, 2014; Waters et al., 2017 ; and other reviews in this special issue of JXB). An increasing number of studies based on the use of autotrophic model species has led to the discovery of many actors in the SL biosynthesis and signalling pathways. In contrast, little remains known about the mechanisms by which parasitic plants are able to sense and transduce a wide variety of host-derived SL and non-SL signals to germinate. There is a consequent need to decipher the extent to which current knowledge on SLs is transferable to parasite seed physiology; this understanding would be of paramount importance to facilitate the setting up of early and efficient control methods.
Chemical diversity of germination stimulants
During the 1950s, Brown and colleagues showed that exudates produced by several plants induce Orobanche minor and Striga hermonthica seed germination. Partial purification of these compounds, which were stable in acidic solutions, identified the presence of a lactone group (Brown et al., 1949 (Brown et al., , 1951a (Brown et al., , b, 1952a . Almost two decades later, the presence of this lactone group was confirmed by the identification of two compounds able to stimulate germination of S. lutea, named strigol and strigyl acetate (Cook et al., 1966 (Cook et al., , 1972 . Although these stimulants were first isolated from the nonhost plant cotton, they were later identified in extracts from S. lutea hosts including sorghum, maize, and millet (Siame et al., 1993) . Since then, numerous structural analogs that are active at concentrations in the subnanomolar range have been identified in root exudates of multiple plant species and classified as SLs (Butler, 1994) .
The canonical structure of SLs was found to consist of a tricyclic lactone (ABC ring) linked by an enol ether bridge to a butenolide moiety (D ring) (Fig. 1A) . With regard to the differences in stereochemistry between the B and C rings, researchers have distinguished the 'orobanchol-type' and 'strigol-type' SLs Xie et al., 2013) . Strigol-type SLs are derived from 5-deoxystrigol (5-DS) and possess a β-oriented C ring (Fig. 1B) , whereas orobancholtype SLs are α-oriented and are derived from the 5-DS enantiomer 4-deoxyorobanchol (4-DO) (Fig. 1C) reviewed in Al-Babili and Bouwmeester, 2015) . Both of these deoxystrigolactone precursors were initially identified in rice and tomato exudates (Xie et al., 2013) . Many chemical modifications on the A and B rings (Fig. 1B, C) as well as the orientation of the C ring contribute to considerable diversity in natural SL structures among different hosts (reviewed in Ćavar et al., 2015) .
One way to explain this structural diversity is that SLs might have arisen from co-evolution between the host, the parasitic plant, and the AM fungi. Indeed, plant requirements for AM, together with attempts to avoid parasitic weed infestation, might have resulted in slight alterations in the chemical structure of SLs to reduce their sensitivity to specific parasites without affecting the establishment of AM. Hence, although the role played by SLs in the beneficial interaction of plants with AM fungi necessitates their continued exudation, small structural variations in SLs could provide a certain measure of protection against infestation with specific species of parasitic plants until the parasites become adapted to the new SL structures. Indeed, studies examining the germination-inducing ability of root exudates from a diverse range of plants found a correlation for some parasitic species, including Orobanche densiflora, Orobanche gracilis, and Orobanche hederae, to respond most strongly to their host exudates (Fernández-Aparicio et al., 2009a) . However, other parasitic species, such as Phelipanche aegyptiaca, Phelipanche ramosa, and O. minor, seem to respond in a more general way and germinate upon contact with most plant exudates (Fernández-Aparicio et al., 2009a) . In agreement with these findings, further studies using structurally different SLs found that not all parasitic species respond to each structure, and that the synthetic SL GR24 was not able to stimulate all species equally (Fernández-Aparicio et al., 2011a) . Even minor changes in the structure of SLs can have a significant impact on the ability of parasitic plants to perceive them, as evidenced by the discovery of sorgomol and sorgolactone in exudates of sorghum (Fig. 1B) . These SLs are presumably derived from modifications of 5-DS because they differ from 5-DS by only small modifications on the A ring. Nevertheless, sorgomol was found to be 1000-fold more active in stimulating germination of S. hermonthica compared with O. minor (Xie et al., 2008) . This is in agreement with the host range of the two parasitic plant species, as S. hermonthica can grow on sorghum while O. minor cannot, although it must be noted that Striga spp. have consistently been found to be more sensitive to SLs than Orobanche spp. (Thuring et al., 1997a, b) . A similar strategy led to the isolation of ent-2ʹ-epi-orobanchol and its acetylated form from both cowpea and red clover. The acetylated form of ent-2ʹ-epi-orobanchol induced higher germination rates of O. minor and Striga gesnerioides than the non-acetylated form, again indicating that a small structural change in the molecule can strongly affect its perception . In contrast, it has been determined that two SLs found in tobacco exudates, 2ʹ-epi-orobanchol and solanacol (Fig. 1C) , could induce germination of P. ramosa and O. minor at rates of up to 80% and 90%, respectively, at subnanomolar concentrations (Xie et al., 2007) . Both molecules exhibit very particular structures, in that 2ʹ-epi-orobanchol possesses a D ring in an atypical 2ʹ-S orientation and solanacol possesses a benzene A ring (Xie et al., 2007) , suggesting that some parasitic plants are highly flexible regarding the structural requirements for these stimulants.
A more significant deviation from the canonical SL structure was observed with the identification of heliolactone (Fig. 1D) as the strongest germination-inducing molecule in sunflower exudates (Ueno et al., 2014) . Heliolactone strongly resembles carlactone, the precursor molecule of the SLs (Seto et al., 2014) , as it lacks the tricyclic lactone (ABC) ring typical of this group of molecules. Heliolactone was found to stimulate the germination of a range of parasitic plants, including the non-infecting species Orobanche crenata, O. minor, S. hermonthica, and P. aegyptiaca, and the sunflower-specific parasite Orobanche cumana (Ueno et al., 2014) . Carlactone (Fig. 1A) itself is also able to stimulate the germination of S. hermonthica at a 300-fold higher concentration than heliolactone (Alder et al., 2012; Ueno et al., 2014) , indicating that the oxygenations on the carlactone backbone that are present in the heliolactone molecule strongly alter its affinity for its receptor molecule (Alder et al., 2012) .
The trend to discover germination-inducing molecules deviating from the canonical SL structure continued with the recent isolation of zealactones from maize exudates (Fig. 1D) .
Zealactones, like heliolactone, lack the typical ABC ring structure (Xie et al., 2017) . Their biosynthesis is predicted to be mediated by a P450 enzyme hydroxylating the A ring of the precursor methyl-carlactonoic acid (Charnikhova et al., 2017) . Zealactones stimulate the germination of the maizeinfecting S. hermonthica and non-infecting P. ramosa and O. minor species (Xie et al., 2017) . While the above-described SLs have differences in their ABC ring structures, they all contain the D ring thought to be essential for germination-inducing activity. This paradigm was challenged with the identification of the guaianolide sesquiterpene lactone, dehydrocostus lactone (DCL), in sunflower root exudates (Joel et al., 2011) . DCL resembles the core ABC ring, although the A ring contains five carbon atoms and the B ring contains seven. More importantly, DCL lacks any group resembling a D ring (Fig. 1D ) yet is still able to stimulate the germination of a range of obligate root parasites. Indeed, P. aegyptiaca and P. ramosa, which do not parasitize sunflower, are sensitive to micromolar concentrations of DCL (Joel et al., 2011; Cala et al., 2017) , while the sunflower-specific parasite O. cumana can reach maximum germination in response to DCL in a nanomolar range of concentrations (Cala et al., 2017) .
Furthermore, molecules that do not resemble any part of the SL structure and are predicted to be produced by other biochemical pathways can also act as germination stimulants. Soyasapogenol and a group of polyphenols (Fig. 1D) , identified in exudates from common vetch and pea, respectively, were found to stimulate the germination of various parasitic plant species, such as Orobanche foetida and O. minor (Evidente et al., 2010 (Evidente et al., , 2011 . However, care must be taken in accepting these compounds as genuine parasitic germination stimulants, as the affinity of parasites for this class of compounds is 1000-fold lower than for the previously described SLs. As a result, the high concentrations used in the described bioassays do not resemble the naturally occurring concentrations in the rhizosphere (Evidente et al., 2010 (Evidente et al., , 2011 . In contrast to these compounds, germination stimulants derived from glucosinolates exuded by Brassica napus (oilseed rape), especially 2-phenylethyl isothiocyanate (2-PEITC) (Fig. 1D) , were able to trigger germination of a P. ramosa population virulent on Brassica napus at concentrations in the submicromolar range (Auger et al., 2012) . The same is true for the non-SL ryecyanatines A and B (Fig. 1D ), isolated from rye exudates, which were able to stimulate O. cumana germination (Cimmino et al., 2015) . Although rye is not parasitized by O. cumana, it is likely that these molecules might also act as germination stimulants for rye-specific parasitic plants in natural ecosystems.
Although many SL(-like) molecules have been described, their exact structures and stereochemistries are often not fully known because of low-quality MS or NMR spectra owing to the instability of these molecules. Indeed, many compounds, including the glucosinolates and polyphenols, have been found to be exuded from plant roots, but might also undergo rapid chemical changes in the rhizosphere environment. The extent to which the final product is modified from its originally exuded form, and the role of the root microbiome in this transition remains unclear and needs to be clarified in future research.
An alternative approach that can be used to examine the structural requirements of the SL molecule for perception by the parasite is by chemically synthesizing compounds that closely mimic the structure of SLs. Indeed, one of the first studies using this approach revealed that the A or B ring, respectively in the GR7 and GR5 molecule, could be removed without losing the germination-inducing activity in S. hermonthica (Zwanenburg et al., 2009) . In contrast, the core ABC ring or the D ring by themselves were not sufficient to induce germination of S. hermonthica. The importance of the stereochemistry was examined using synthetic SL analogs, revealing that the stereocentric orientation of the D ring has the biggest influence on the sensitivity of parasitic plants (Zwanenburg et al., 2009 (Zwanenburg et al., , 2013 Artuso et al., 2015) .
Screening of synthetic SL mimics identified compounds with a 5-phenoxy-3-methylfuran-2(5H)-one structure, called debranones ( Fig. 1D) , as germination-inducing stimulants for parasitic plants (Fukui et al., 2011) . A series of chemical substitutions on the ring structure connected to the D ring was performed; these showed that incorporating electron withdrawing groups, predicted to facilitate hydrolysis of the D ring, boosted the germination-stimulatory activity of these molecules (Takahashi et al., 2016; Fukui et al., 2017) . This finding points towards the hypothesis that the parasitic SL receptor(s) utilize a mode of signal perception involving hydrolysis of the bound hormone. The observation that any modification that makes it more energetically favourable for the leaving group to be hydrolyzed from the D ring increases the germination-inducing activity supports this hypothesis. Nevertheless, more extensive protein studies on the parasitic receptors, including in vitro binding studies and co-crystallization, are required to fully understand the parasitic process of signal perception.
Recently, it was shown that adding the D ring to other plant hormones or their precursors, as was done for gibberellin (GA) and kaurenoic acid, gave these hormones the ability to induce parasitic plant germination (Pereira et al., 2017) . Although the GA-specific activity of these molecules was not examined, this finding still provides an interesting starting point in the search for multifunctional hormone hybrids for use in future applications.
Biosynthesis of germination stimulants
The characterization of mutants exhibiting a high degree of shoot branching, via study of the action of SLs in shoot branching, has been of major importance in deciphering the canonical SL biosynthesis pathway. The common precursor of all known SLs is carlactone (Fig. 1A) (Seto et al., 2014) , which is produced from all-trans-β-carotene by the sequential actions of D27 isomerase and CAROTENOID CLEAVAGE DIOXYGENASE (CCD) 7 and CCD8 dioxygenases encoded by MORE AXILLARY GROWTH (MAX) 3 and MAX4, respectively, in Arabidopsis (reviewed in Ruyter-Spira et al., 2013; Al-Babili and Bouwmeester, 2015) . More than 15 SLs have been identified so far in plant roots and root exudates (Xie et al., 2013; Al-Babili and Bouwmeester, 2015; Ćavar et al., 2015) , although little is known about how this wide variety is produced from the core biosynthetic pathway (Fig. 2B) . Moreover, whether Arabidopsis may produce canonical SLs is still controversial (Kohlen et al., 2011; Abe et al., 2014; Xie et al., 2015) , although the cytochrome P450 monooxygenase MAX1 is able to convert carlactone into carlactonoic acid, which is subsequently methylated to form methycarlactonoic acid (MeCLA). MeCLA inhibits shoot branching at high concentrations (Abe et al., 2014) , and it can be converted by LATERAL BRANCHING OXIDOREDUCTASE (LBO) into a more active but as yet unidentified molecule (Brewer et al., 2016) . In contrast, it has been determined that among the five rice MAX1 orthologs, two are involved in the production of canonical SLs . In sorghum roots, the SL precursors 5-DS and 4-DO are converted to canonical SLs such as sorgomol and ent-2ʹ-epi-sorgomol, respectively, through cytochrome P450 enzymatic activities (Motonami et al., 2013) . It is then most likely that MAX1-type enzymes might be involved in the production and diversification of SLs in plants. Extensive research is still required to determine which genes are involved in this diversification, and should allow potential specific functions for each compound to be determined. Moreover, such research would give greater insight regarding how the production of such a wide variety of SLs can be useful for the plants themselves. To date, coevolution towards attracting AM fungi, while avoiding recognition by parasitic seeds, seems to be the best explanation for the existence of such a wide variety of molecules (Xie et al., 2010) . In contrast to the SLs and related molecules, not much is known about the biosynthesis of the non-SL molecules that enable parasitic plant seed germination. Since their structures are markedly different from those of the SLs, other biosynthetic pathways are very likely to be involved. This is, for example, the case for the isothiocyanates, breakdown products of glucosinolates that are derived from the amino acid biosynthetic pathway (Agerbirk and Olsen, 2012).
Exudation of germination stimulants
Little is still known about how host-derived signals are exuded by the roots into the rhizosphere. The only SL transporter identified so far is PLEIOTROPIC DRUG RESISTANCE1 (PDR1), an ABC protein identified in petunia that acts as an SL exporter (Kretzschmar et al., 2012; Sasse et al., 2015) . While the SL contents in petunia pdr1 roots remain unchanged, SL exudation and interaction with the AM fungus Glomus intraradices are lower than in wild-type plants (Kretzschmar et al., 2012) . SL biosynthesis and exudation are regulated by environmental or endogenous factors. Depending on the species, soil nutrient availability strongly affects SL metabolism, and thus the host's ability to set up biotic interactions with either AM fungi or parasitic plants. For example, nitrogen starvation has been reported to promote SL production and exudation in leguminous plant species such as alfalfa and Chinese milk vetch, as well as in several non-leguminous Fig. 2 . Comparison of the responses of autotrophic and parasitic plants to germination stimulants. (A) Seed dormancy in autotrophic plants needs to be released by concomitant ABA catabolism and GA synthesis. Exogenous karrikins (KAR), as well as an unknown endogenous ligand (KAI2-ligand; KL), are perceived by the α/β-fold hydrolase KAI2 and influence this process. It remains to be determined whether KL corresponds to a natural strigolactone (SL) that is perceived by autotrophic KAI2 proteins. Perception of the stimulants enables the formation of a tripartite complex with MAX2 and SMAX1. The F-box protein MAX2 is part of an SCF-E3 ligase and promotes ubiquitin-dependent protein degradation. While KAI2 is degraded independently of MAX2 upon KAR perception (Waters et al., 2015) , it is currently proposed that SMAX1 is degraded through a MAX2-dependent pathway. In Arabidopsis, upon KAR perception, GA accumulates through the up-regulation of the GA3ox genes. In Nicotiana attenuata, smoke-induced germination is accompanied by ABA degradation, although it is not known whether this is an effect of karrikins (Schwachtje and Baldwin, 2004) . The accumulation of GA would lead to a progressive decrease in ABA content according to what has been described in model plants (Holdsworth et al., 2008) . (B) SL biosynthesis occurs in the roots through the carotenoid pathway, starting from the isomerization of all-trans-β-carotene and two subsequent oxidation steps by CCD7 and CCD8 to form the common precursor of all SLs, carlactone. The corresponding genes in Arabidopsis are shown. (C) SLs modulate numerous aboveground processes, of which the inhibition of shoot branching is the most commonly known. Once transported from roots to shoots, SLs are perceived by D14, enabling the formation of the core signalling pathway with MAX2 and several members of the SMXL family. In this process, it has been shown that D14 and SMXL proteins are degraded upon SL perception through a MAX2-dependent process. (D) In parasitic plants, release of seed dormancy corresponds to the conditioning period that begins at seed imbibition, during which the presence of exogenous chemicals released by surrounding host roots is not sufficient to trigger germination. In Phelipanche ramosa, the conditioning period is achieved when the global DNA methylation status reaches a basal threshold. Part of this epigenetic process is explained by demethylation in the promoter of PrCYP707A1, a marker gene for further SL-induced germination. (E) Parasitic plant germination takes place upon perception of host-derived molecules, which are SLs or unrelated molecules. Parasitic plants possess multiple KAI2 receptors, among which KAI2d has been described to perceive natural SL molecules. It is not known whether the downstream effects of SL perception are due to the subsequent recruitment of MAX2 and/or other proteins, although the MAX2 gene from Striga hermonthica is able to restore the response to the synthetic SL GR24 when complemented in the Arabidopsis max2 mutant. In P. ramosa, SLs ultimately induce ABA catabolism through the up-regulation of PrCYP707A1. SLs also stimulate GA biosynthesis in S. hermonthica. It is unclear whether ABA and GA are negatively inter-regulated. Environmental cues such as temperature (stratification), light, nitrates, and oxidative stresses, which classically trigger germination of autotrophic plants through modulation of the ABA/GA ratio, have not been reported to have any effect alone on seed germination in in obligate parasitic plants.
species such as rice, sorghum, wheat, lettuce, and tomato (Yoneyama et al., 2007a; Umehara et al., 2010; Jamil et al., 2011; Yoneyama et al., 2012) . In Arabidopsis, overproduction of SLs under nitrogen deficiency is partly explained by the up-regulation of MAX3 and MAX4 (Ito et al., 2015) . Similarly, phosphate-starved red clover, tomato, and alfalfa produce and exude more canonical SLs (Yoneyama et al., 2007b; López-Ráez et al., 2008; Yoneyama et al., 2012) . As a result, phosphate starvation in tomato roots tends to optimize both the mycorrhizal symbiosis with Gigaspora rosea and the germination of P. ramosa (López-Ráez et al., 2008) . In the same way, nitrogen-or phosphorus-starved sorghum roots, and phosphorus-starved red clover roots, stimulate germination of S. hermonthica and O. minor, respectively (Yoneyama et al., 2007a, b) . Interestingly, it has been reported that germination-inducing activities are significantly reduced upon AM symbiosis in sorghum, pea, and tomato (Lendzemo et al., 2007; Fernández-Aparicio et al., 2010; López-Ráez et al., 2011; Louarn et al., 2012) . Recently, it was demonstrated that plant hormones such as GA act as negative regulators of SL biosynthesis in rice, and that an exogenous GA treatment decreases the ability of the host to stimulate Striga germination . These data show that hormonal cross-talk could play a pivotal role in SL-mediated allelopathy. How non-SL allelopathic signals are exuded, and to what extent environmental conditions influence their production, are subjects still requiring attention.
Strigolactone perception and signalling in parasitic plants
Although SLs can induce the germination of many different root-parasitic plants, not all are sensitive to synthetic versions of SLs (Fernández-Aparicio et al., 2009b ). Yet, the existence of a wide range of germination stimulants active in parasitic species naturally leads to the question of their perception. Are these varied structures all bound by a group of related receptors or by more divergent ones? Is the activated pathway the same? How can the differences in germination stimulant sensitivities between parasitic species be explained?
Because of the SL phenotypes in autotrophic plants, genetic analysis has speeded up the elucidation of the SL perception mechanism. An ethyl methanesulfonate screening in rice found the involvement of the α/β-fold hydrolase DWARF14 (D14) (Arite et al., 2009) . Further protein studies on this receptor revealed a novel means of perception in which the SL molecule is hydrolyzed by its receptor (Nakamura et al., 2013) . A hydrophobic cavity present in the receptor allows entry of the D ring part of the hormone into the receptor, where a catalytic triad comprising Ser97, Asp218, and His247 allows a subsequent nucleophilic attack on the D ring, cleaving off the ABC ring. The D ring is ultimately transferred to the His residue, with the receptor undergoing a conformational shift allowing interaction with downstream factors (Nakamura et al., 2013; de Saint Germain et al., 2016) . Mutations in the catalytic triad of D14 rendered the protein unable to hydrolyze the synthetic SL GR24, leading to a disruption in the receptor's ability to transduce the SL signal.
Apart from the receptor D14, the F-box protein DAD2 in petunia, MAX2 in Arabidopsis, D3 in rice, and RMS4 in pea are involved in SL perception and signalling (Stirnberg et al., 2002; Ishikawa et al., 2005; Hamiaux et al., 2012) . F-box proteins are part of Skp-Cullin-F-box (SCF) complexes, which ubiquitinate targeted proteins, marking them in most cases for proteasomal degradation (Cardozo and Pagano, 2004) . These findings led to the description of a model in which the SL receptor D14 binds SLs and hydrolyzes them, enabling an interaction with the F-box protein MAX2, which in turn guides the signalling complex to specific targets for degradation (Fig. 2C) (Yao et al., 2016a) . The SUPPRESOR OF MAX2 (SMAX) protein family, related to heat shock protein 101, is degraded upon treatment with the GR24 and interacts with D14 protein (Stanga et al., 2013; Zhou et al., 2013) . Mutation studies in this highly redundant protein family have revealed different subsets of SMAX-LIKE (SMXL) proteins, which are involved in controlling a range of developmental programmes (Stanga et al., 2013; Soundappan et al., 2015; Wallner et al., 2017) .
The next question that arose was whether parasitic plants used the same signalling pathways to perceive SLs. Much insight came from studies on how dormant seeds are able to perceive karrikins, smoke-derived compounds that enable seed germination after forest burning (Flematti et al., 2004; Nelson et al., 2009 ). The receptor involved in this pathway also belongs to the α/β-fold hydrolase family, is ancestral to the D14 receptor, which originated from a duplication event, and was called KARRIKIN INSENSITIVE 2 (KAI2) (Bythell-Douglas et al., 2017) . KAI2 perceives karrikins, the GR24 ent-5DS molecule of the GR24 racemic mixture, and potentially an unknown endogenous molecule ( Fig. 2A ) (Conn and Nelson, 2016; Flematti et al., 2016) . After perception of the signal molecule, the KAI2 receptor interacts with the SCF MAX2 complex and is believed to specifically target the SMAX1/SMXL2 proteins for degradation ( Fig. 2A) (Nelson et al., 2011; Stanga et al., 2013) .
GR24 consists of a racemic mixture (rac-GR24), with one of the two enantiomers, GR24 5DS , mostly activating the D14 receptor, while the other, GR24 ent-5DS , mainly activates the KAI2 pathway in Arabidopsis thaliana . Studies using the naturally occurring SLs, such as 5-DS or orobanchol, and testing their ability to stimulate the germination of autotrophic plants such as Arabidopsis are sorely lacking. Further proof of the inability of SLs to promote the germination of autotrophic plants was provided by promoter-swap experiments: the D14 protein under control of the KAI2 promoter was unable to recover the germination phenotype of the kai2-2 mutant (Waters et al., 2015) . The KAI2 protein itself shares many structural features with D14. Both receptors possess an α/β-fold structure consisting of α-helices inserted in a central β-sheet and a catalytic triad of three residues that, at least for D14, is responsible for the hydrolysis of SLs (Kagiyama et al., 2013; Zhao et al., 2013; Nakamura et al., 2013; de Saint Germain et al., 2016) .
The conservation of this catalytic triad in KAI2 could indicate a similar method of signal perception to that of D14. Studies investigating the functionality of the catalytic triad in KAI2 found that mutation of the Ser95 residue interrupted the ability of the corresponding mutant to complement the germination phenotype of the kai2-2 mutant (Waters et al., 2015) . Additionally, differential scanning fluorimetry experiments revealed that the Ser95-mutated KAI2 was no longer able to hydrolyze the GR24 ent5DS SL mimic (Flematti et al., 2016) . Evidence against this hypothesis came from crystallization studies and from the observation that no hydrolysis of the karrikin ligand was observed in in vitro studies using purified KAI2 protein (Guo et al, 2013) .
While the KAI2 receptor in A. thaliana perceives karrikins and is involved in germination, D14 perceives SLs but plays a role during later developmental stages (Fig. 2) . The question that remained was which of these α/β-fold hydrolases is used by parasitic plants to perceive host-derived SLs during germination. An investigation of the transcriptomes of two parasitic plants, P. aegyptiaca and S. hermonthica, revealed that while they had one homolog of the D14 gene, the KAI2 genes had undergone multiple duplications (Conn et al., 2015; Toh et al., 2015) . The duplicated KAI2 genes could be clustered into three categories based on phylogenetic distance to the ancestral KAI2 sequence; these were entitled the divergent, intermediate, and conserved clades (Fig. 2E) . The functions of these parasitic KAI2 proteins were elucidated by complementation studies in which they were expressed in the kai2 mutant of A. thaliana (Conn et al., 2015; Conn and Nelson, 2016; Xu et al., 2016) . The conserved KAI2 clade of P. aegyptiaca could complement the germination of the kai2 mutant in response to karrikin (Conn et al., 2015) . A KAI2 protein from an intermediately evolving clade in S. hermonthica bound karrikin but not the synthetic SL GR24 (Xu et al., 2016) . In this sense, complementation of the Arabidopsis mutant kai2-2 by the intermediary ShKAI2i from S. hermonthica restored its ability to germinate in response to karrikin but not GR24 (Conn et al., 2015; Conn and Nelson, 2016) . These findings hint that, at least to some extent, the functions of the conserved and intermediary forms of KAI2 are similar between autotrophic and parasitic plants.
Further complementation studies using members of the fast-evolving clade of the parasitic KAI2 from P. aegyptiaca in the Arabidopsis kai2-2 mutant complemented its germination defect and actually made it hypersensitive to SLs, but not to karrikins (Conn et al., 2015) . A similar result was observed with a clade of HTL (=KAI2) receptors from S. hermonthica, with the sensitivity of ShHTL7-expressing plants to natural strigolactones approaching the picomolar concentration (Toh et al., 2015; Xu et al., 2016) . In addition, these complemented lines were sensitive to GR24 5DS , in contrast to KAI2 in Arabidopsis, which has a stronger affinity for GR24 ent5DS .
The oxyanion hole present in these KAI2 proteins has been modelled and indicates that these proteins possess a smaller cavity size than that of the D14 receptor, which could explain their altered sensitivity to the GR24 enantiomers (Conn et al., 2015; Toh et al., 2015) . These findings indicate that the KAI2 proteins might have evolved to become sensitive to the natural SL molecules triggering germination. Some laboratories have expressed the MAX2 gene of S. hermonthica and P. aegyptiaca in the max2 mutant of Arabidopsis and found that most of the functions were complemented Li et al., 2016) . Although their degradation target, SMAX1/SMXL2, has not been identified yet, evidence seems to point to the conservation of the SL signalling pathway in these parasitic plant species.
What is evident from the many studies focusing on how parasitic and autotrophic plants can sense germination inducers is that parasites might have undergone selective pressure to diversify their perception systems in order to broaden or adapt their host range. How the hormone is transported into the seed, what the functions of all the duplicated KAI2s are, and how the signalling mechanism is further transduced remain topics of investigation. For instance, it would be a major breakthrough to identify potent KAI2 receptors for non-SL stimulants such as 2-PEITC and/or DCL.
Are abscisic acid and gibberellins involved in germination of parasitic plants?
Little attention has been paid to deciphering the key effectors triggering parasitic plant seed germination. In contrast, almost three decades of research on seed germination in autotrophic plants led to a model in which abscisic acid (ABA) and GA interact in the control of germination by respectively maintaining or releasing seed dormancy ( Fig. 2A) (FinchSavage and Leubner-Metzger, 2006; Finkelstein et al., 2008; Holdsworth et al., 2008) . Exhaustive mutant analyses in Arabidopsis and other models allowed the identification of key molecular players regulating ABA and GA homeostasis. This research also deciphered how this hormonal balance is fine-tuned in response to environmental cues. Release from the dormancy state in the soil depends on the perception of external cues that are integrated by a complex molecular network, among which the previous actors are negatively interregulated ( Fig. 2A) . For instance, nitrate acts as a positive signal in the soil to release seed dormancy, as it is required to establish a viable seedling after germination. One of the first responses of dormant Arabidopsis seeds to exogenous nitrates is up-regulation of the ABA catabolic gene CYP707A2 (Matakiadis et al., 2009) , leading to a decrease in ABA content (Ali-Rachedi et al., 2004; Matakiadis et al., 2009) . Temperature is also considered to be one of the most important parameters regulating the depth of dormancy. While warm temperatures induce a secondary dormancy through both enhanced ABA biosynthesis and GA inactivation in Arabidopsis (Toh et al., 2008) , cold stratification is associated with increased biosynthesis of GA through up-regulation of GA3ox1 in Arabidopsis (Yamauchi et al., 2004) and a decrease in ABA content in several other species (reviewed in Bewley et al., 2013) . By contrast, high temperatures (>20 °C) can also assist in releasing seed dormancy in a few species (reviewed in Bewley et al., 2013) . For example, seeds of Hyacinthoides non-scripta require an optimal treatment of 4 weeks at 23 °C to attain a maximum germination rate (Vandelook and Van Assche, 2008) . It has also been reported that seed dormancy of horse chestnut (Aesculus hippocastanum) is released within a month at 36 °C, compared with 4 months at 2-8 °C (Pritchard et al., 1999) . Light sensing is also a crucial event that allows seedling establishment, since tiny seeds with little storage reserves might not be able to reach autotrophy if they are sunk too deep in the soil. Red light especially is perceived by phytochromes (Shinomura et al., 1994; Shinomura, 1997) and triggers dormancy release by stimulating GA biosynthesis and ABA catabolism in parallel to the inhibition of GA inactivation and ABA biosynthesis in Arabidopsis and lettuce seeds (Toyomasu et al., 1993; Yamaguchi et al., 1998; Oh et al., 2006; Seo et al., 2006; Yamaguchi et al., 2007; Oh et al., 2007; Sawada et al., 2008) . For decades, it has also been known that seed germination is stimulated upon the perception of small chemicals present in smoke derived from burning plant material. However, only in the past decade have karrikins and cyanohydrins been identified as major smoke-derived compounds triggering the release of seed dormancy (Flematti et al., 2004 (Flematti et al., , 2011 in numerous plant species, including Arabidopsis (Nelson et al., 2009; reviewed in Bewley et al., 2013; Flematti et al., 2015) . Similar to what was described for the 'classical' dormancy release factors, smoke induces both a decrease in ABA and an increase in GA contents in Nicotiana attenuata (Schwachtje and Baldwin, 2004) , and purified karrikins induce GA accumulation through upregulation of GA3-oxidases in Arabidopsis (Nelson et al., 2009) (Fig. 2A) . These latter results were consistent with the alleviation of Arabidopsis secondary seed dormancy upon treatment with rac-GR24, through both ABA degradation and GA biosynthesis (Toh et al., 2012) . Overall, these data indicate that molecular outputs in response to karrikins or the synthetic SL GR24 fit the basic germination model in which exogenous cues modulate the ABA/GA balance in autotrophic plants.
The question of whether obligate root-parasitic plants acquired a unique system to perceive seed-germination stimulants that would have evolved along with the diversification of parasitic plants is challenging to answer. There is strong evidence that autotrophic and parasitic plants share similar pathways, as was observed in the KAI2 and MAX2 complementation experiments. More evidence supporting this is that some parasitic plants such as O. minor retained a phytochrome-mediated light-sensing process during seed germination upon treatment with GR24, although red light seemed to inhibit this process (Takagi et al., 2009) . Furthermore, the presence of GA during the conditioning period tends to optimize O. minor germination rates in response to strigol, especially under constraining light and temperature conditions (Uematsu et al., 2007) . These results agree with the inhibition of P. ramosa seed germination by high concentrations of several GA biosynthesis inhibitors applied either during or after the conditioning period (Zehhar et al., 2002) . Nevertheless, GA treatment alone does not seem to trigger germination for Orobanche, Phelipanche, and Striga species (Zehhar et al., 2002; Toh et al., 2012; Pereira et al., 2017) , in contrast to numerous autotrophic plants, including Arabidopsis (Bewley et al., 2013) . Finally, GR24 induces P. ramosa germination by enhancing ABA catabolism through the up-regulation of PrCYP707A1 (Fig. 2E) (Lechat et al., 2012) . Abscinazole-E2B, a specific inhibitor of CYP707A enzymes (Okazaki et al., 2012) , fully inhibited P. ramosa seed germination (Lechat et al., 2012) , thus confirming the unequivocal role of ABA catabolism in the parasite's germination. Interestingly, exogenous treatment with fluridone, an inhibitor of ABA biosynthesis, is able to enhance O. minor response to SLs (Chae et al., 2004) and to directly stimulate germination of P. aegyptiaca seeds (Yao et al., 2016b; Bao et al., 2017) . The latter results are thus similar to the effect of karrikins and GR24 in stimulating Arabidopsis germination by triggering GA biosynthesis and ABA catabolism (Nelson et al., 2009; Toh et al., 2012) .
The complex process of parasitic plant germination
Very large amounts of molecular data have shown that modulation of the ABA/GA ratio by multiple environmental cues is the common factor that dictates the depth of dormancy in seeds of land plants. Thus, it is tempting to speculate that the responses of obligate parasitic plants to various chemicals such as 2-PEITC, DCL, and other non-SL molecules is due to a diversification of KAI2 genes rather than modification of the molecular pathways that trigger germination. Further characterization of parasitic KAI2 proteins, especially regarding their affinity for 2-PEITC and DCL, would thus be of paramount importance to decipher whether KAI2 or KAI2-related proteins are able to perceive non-SL signals. Quantifying the abundance of ABA and GA after stimulation with 2-PEITC and DCL would also provide the first evidence that non-SL molecules are effective in modulating the classical hormonal balance. Additionally, it still needs to be determined how the KAI2/MAX2 signalling core connects to the canonical germination pathways, although it has been shown that the strongly dormant phenotype of the Arabidopsis max2 mutant exhibits a deregulation of the ABA/GA hormonal balance in favour of ABA (Shen et al., 2012) .
During evolution, parasitic plants lost their ability to germinate in response to karrikins (Nelson et al., 2009) , consistent with the divergent raison d'être of both karrikin and SL signals. Indeed, karrikins help to reshape ecosystems when there are no plants but plenty of nutrients following natural catastrophes, while the potential production of numerous SLs by a single plant makes biological sense only as a host detection signal to maximize biotic interactions. Nevertheless, both signals will help to understand which specific molecular patterns block the germination of obligate root-parasitic plant seeds in response to any exogenous cues other than hostderived molecules. For instance, it has been determined that karrikins enhance light sensitivity in Arabidopsis (Nelson et al., 2009 (Nelson et al., , 2010 , while obligate parasitic Orobanchaceae species usually do not respond to light (reviewed in Joel et al., 2013) or, for O. minor, are at least inhibited by the classical red-light stimulation (Takagi et al., 2009) . It has also been proposed that the initial function of KAI2 is to perceive an unknown endogenous signal. This hypothesis is supported by the extreme conservation of KAI2 genes across land plants, including non-fire-follower species (Delaux et al., 2012; Flematti et al., 2013; Conn et al., 2015) , the hyperdormant phenotype of the Arabidopsis kai2-2 mutant (Waters et al., 2012; Conn et al., 2015) , and the presence of a particular KAI2 clade in parasitic plants that restores a very high spontaneous germination rate in the kai2-2 mutant without being sensitive to either GR24 or karrikins (Conn et al., 2015) . Because seeds of parasitic plants do not spontaneously germinate although they possess this KAI2 isoform, it is likely that parasitic plants may have lost either the ability to produce this endogenous signal or the ability to transduce it.
Although parasitic and autotrophic plants seem to share a lot of molecular pathways involved in germination, given their respective responses to the environment, a feature that remains unique to the parasites is the existence of the conditioning period that begins at imbibition (Fig. 2D) , during which seeds are unable to germinate in response to stimulation (Joel et al., 2013) . Lechat et al. (2012) demonstrated that rac-GR24 could not induce the overexpression of PrCYP707A1 in P. ramosa during this conditioning time, supposedly leading to the inability to catabolize enough ABA to allow germination. More recently, it has been demonstrated that global DNA demethylation has to occur to release this step (Lechat et al., 2015) . Interestingly, a short sequence in the PrCYP707A1 promoter is specifically demethylated. Because a high level of methylation of chromatin often leads to the inhibition of gene expression (reviewed in Baulcombe and Dean, 2014; Pikaard and Mittelsten Scheid, 2014; Wang et al., 2014) , the localized demethylation of the PrCYP707A1 promoter is supposedly essential to activate the SL-dependent expression of this gene (Fig. 2D) . However, whether this conditioning period really means that parasitic plants are insensitive to germination stimulants, or whether it only blocks downstream events of signal transduction, is still unclear. It has been shown that some KAI2 genes of P. aegyptiaca are highly expressed during the conditioning period, and even differentially expressed between unconditioned and conditioned seeds (Yao et al., 2016b) . Nevertheless, there is no evidence that these transcripts are differentially accumulated upon GR24 treatment during the conditioning period, nor that the corresponding proteins are active during this state.
Such epigenetic processes also occur during the germination of autotrophic plant species. Since the resumption of metabolism is one of the hallmarks of the transition from a dormant state to a germinating state, a global decrease in DNA methylation is often observed upon early imbibition, germination, and further seedling development of several autotrophic plant species, such as pepper (Portis et al., 2004) , rapeseed (Lu et al., 2006) , and wheat (Meng et al., 2012) . In Arabidopsis, it has recently been reported that DNA methylation levels markedly increased during seed development, which includes the inception of seed dormancy, before gradually reducing during germination (Bouyer et al., 2017; Kawakatsu et al., 2017; Narsai et al., 2017) . These changes in methylation patterns during autotrophic plant seed germination strongly resemble the global DNA demethylation observed during the conditioning period of the obligate parasite P. ramosa (Lechat et al., 2015) . It could be argued that, along with the evolution of parasitism, even more epigenetic processes blocking the sensing of multiple environmental inputs may have evolved. The recent sequencing of the O. cumana genome and transcriptome (www.heliagene.org) should allow an exhaustive search for epigenetic markers, transposable elements, or pseudogenes that might explain to what extent parasitic plants acquired such a specific germination programme. Systematic comparison with other genomic and transcriptomic data, from either parasitic or autotrophic plants, would also bring new insights regarding parasitic plants' inability to transduce classical environmental signals such as light, nitrate, or karrikins. Finally, the improvement (Fernández-Aparicio et al., 2011b) and development of functional validation methods within the Orobanchaceae should allow us to avoid use of the Arabidopsis heterologous system, in which SL/karrikin-induced signalling tends to be concealed by numerous other exogenous cues.
Controlling parasitic plants by modulating their seed germination
Insights into the molecular mechanisms of parasitic plant germination will undoubtedly provide more methods to fight these agricultural pests. To combat infestations of valuable crops by parasitic plants in the field, researchers have been screening for resistant host cultivars in susceptible species, including tomato, pea, rice, sorghum, and maize, for many years (Matusova et al., 2005; El-Halmouch et al., 2006; Dor et al., 2011; Fernández-Aparicio et al., 2011c Jamil et al., 2011 Jamil et al., , 2012 Pavan et al., 2016) . Resistance in the host plants can involve cell wall modifications, extensive deposition of callose or suberin, production of toxic metabolites at the penetration site, sink-strength competition to reduce the flux of nutrients, and other means, all reviewed by Fernández-Aparicio et al. (2016) .
Resistance can also occur through reduced exudation or synthesis of germination stimulants. For example, the effectiveness of the root exudates of resistant tomato species in stimulating the germination of P. aegyptiaca was found to be significantly lower than exudates from susceptible cultivars (El-Halmouch et al., 2006) . Disabling the biosynthesis of SLs by mutation was also found to be an effective way of lowering susceptibility to parasitic plants. Antisense expression or mutation of the SlCCD7 gene (in the SL-ORT1 line) in tomato led to a 90% reduction in the ability of these plants to induce germination of P. ramosa (Vogel et al., 2010; Dor et al., 2011) . A similar observation was made in the rice SL biosynthesis mutant d10, where S. hermonthica seeds were found not to germinate when placed on the roots of these lines unless they were pretreated with strigol (Umehara et al., 2008) . In agreement with this, chemical inhibition of the carotenoid biosynthesis pathway in sorghum, cowpea, and maize led to a reduced ability of their exudates to stimulate S. hermonthica and O. crenata seed germination (Matusova et al., 2005) . In a similar manner, both pea and faba bean cultivars resistant to O. crenata, O. foetida, and P. aegyptiaca were found to produce less SLs than susceptible plants, and the pea plants exhibited the typical bushy phenotype of SL-biosynthesis mutants (Fernández-Aparicio et al., 2014; Pavan et al., 2016) . While these approaches can be effective in reducing the number of infestations, this might come at a fitness cost to these plants because SLs have many roles in plant development and also govern the interaction with beneficial AM fungi (Jamil et al., 2012; Guillotin et al., 2017 ). An alternative approach to obtain resistant cultivars is to breed for plants that exude a different spectrum of SLs compared with the more susceptible cultivars. Indeed, a recent study in rice revealed that different exuded SL compounds have varying effects on parasitic seed germination and AM fungi (Cardoso et al., 2014) . Molecules with high activity for inducing seed germination did not necessarily induce fungal hyphal branching, and vice versa, indicating that the structural requirement for SL perception can be different between parasitic plants and fungi (Akiyama et al., 2010) . A study in maize did not find any differences in AM symbioses between a resistant sorgomol-producing cultivar and a susceptible 5-deoxystrigolproducing cultivar, indicating that altering the SL exudation profile could be a better approach than completely abolishing the production of SLs . Moreover, the exudation profile of the sorghum LOW GERMINATION STIMULANT 1 (LGS1) mutant, which was more resistant to infestation by S. hermonthica, consists mostly of orobanchol and not 5-deoxystrigol, which is preferred by the parasite, due to a mutation in a sulfotransferase gene (Gobena et al., 2017) . This raised the question of whether AM symbiosis was also affected by this changed exudation pattern. Although mycorrhization by three different species of AM fungi was consistently lower in the lgs1 mutant, it was never significantly different from the control (Gobena et al., 2017) . These types of studies can guide breeders towards developing parasite-resistant plants without a loss of the beneficial effects of SL exudation.
Another approach to reduce infestation levels in contaminated fields is not to block the parasitic plants from germinating, but stimulating them when no host plants are present. Researchers have been trying to use false hosts, or 'trap crops', which release germination-inducing molecules into the soil but are not compatible with or are resistant to the specific parasite at later stages of infestation. They thus provide protection to susceptible cultivars when intercropped or grown before sowing of the susceptible crop (Fernández-Aparicio et al., 2016) . Examples of effective trap crops include flax against O. crenata, different wheat cultivars against O. minor, radish, linseed, fennel, and cumin against P. aegyptiaca, hybrid maize against O. cumana, and cowpea against S. hermonthica (Gbèhounou and Adango, 2003; Lins et al., 2006; Ma et al., 2013; Acharya, 2014; Aksoy et al., 2016) .
As an alternative to using trap crops, which require a certain time growing on the contaminated field, suicidal germination can be triggered directly by applying compounds with high activity in stimulating termination of the parasitic seeds, and sufficient stability in the field. Generally, the most sensitive germination-inducing molecules are the naturally occurring SLs, including 5-deoxystrigol and 2ʹ-epi-orobanchol, but these molecules cannot be isolated from the host roots in sufficient quantities or synthesized in a cost-effective manner for field application (Zwanenburg and Pospísil, 2013) . Synthetic analogues with high activity in stimulating parasitic plants have been produced, and researchers have tested their use as suicidal-germination-inducing molecules in the field (Johnson et al., 1976; Wigchert et al., 1999; Mwakaboko and Zwanenburg, 2011; Kgosi et al., 2012; Zwanenburg et al., 2016b; Lumbroso et al., 2016) . Nijmegen-1 and GR24 have both been found to work effectively in reducing the parasitic seed load and protecting the host plants subsequently grown in the affected field. However, some problems that remain with the use of chemically synthesized germination stimulants are their production cost, potential off-target effects in the soil, and low stability (Zwanenburg and Pospísil, 2013; Zwanenburg et al., 2016a, b) .
The screening of a chemical library in yeasts expressing the KAI2 and MAX2 genes from Arabidopsis found a group of compounds called cotylimides, some of which were shown to induce suicidal germination of S. hermonthica (Toh et al., 2014) . The elucidation of the signalling network in parasitic plants will enable more specific probing of chemicals that can stimulate or interrupt perception by the parasitic KAI2 genes, or block a protein-protein interaction activated during signalling. The role for chemical genetics in finding novel repressor chemicals seems very promising (Lumba et al., 2017) .
Conclusion
Since 2008, research on the role of SLs in autotrophic plant development has achieved major advances that largely contributed to our understanding of how parasitic plant germination occurs, although this process has been described since the 1960s. Nevertheless, there are still numerous unclear areas. However, these are likely to be clarified soon, thanks to genomic resources such as the newly sequenced genome of O. cumana (www.heliagene.org), transcriptomic resources available in the Parasitic Plant Genome Project database (Westwood et al., 2012; Goyet et al., 2017) , and the development of functional validation tools in obligate root-parasitic plants.
